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Abstract 
Fracture propagation control (FPC) is important in design and operation of pipelines for gas transport. Predicting and 
understanding the velocity of a running ductile fracture remains as one of the toughest challenges in the fracture research 
community and is of paramount importance in currently used FPC methods. Current methods use semi-empirical models, based 
on the Battelle Two Curve Method (BTCM), developed about 40 years ago. However, this approach has shown being inaccurate 
and unreliable, especially when applied to today's high toughness steels or when non-ideal gases (e.g. CO2 and rich natural gas) 
are considered. The main reason for this is a poor understanding of the governing factors for the velocity of a running ductile
fracture, and represents a huge challenge and source of non-conservatism when applying these mainly empirical tools for 
ensuring crack arrest. This paper aims to further understand ductile fracture velocity and arrest in pipelines, and to find the main 
material parameters that control the velocity of a running ductile fracture. A fully coupled fluid-structure interaction framework 
for modelling a running ductile fracture in a pressurized pipeline have been used to do a systematic parameter analysis of the 
most important pipeline parameters controlling the fracture velocity. 
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1. Introduction 
Predicting the ductile fracture velocity (DFV) in a gas pressurized pipeline is essential in all crack arrest 
methodologies; the race between the decompression wave and the DFV will determine whether a crack will self-
arrest or not. The most used approach to predict the boundary between crack arrest and crack propagation in gas 
pipelines is the empirical Battelle Two Curve Method (BTCM) (Maxey (1974), Maxey et al. (1976)). Although 
developed 40 years ago, the BTCM still serves as the industry standard approach for ductile crack arrest problems. 
In the original works on BTCM it was argued that the DFV was linked to the theory of plastic wave propagation, 
and limited by the plastic wave speed at a characteristic plastic strain in the plastic zone ahead of the moving crack-
tip. It is there further argued that this characteristic strain level for the DFV should be proportional to the ratio of the 
material flow stress and the specific Charpy V-notch plateau energy (CVP) of the steel. By assuming the flow stress 
to be the corresponding characteristic stress level for the plastic zone of the crack-tip, the plastic tangent modulus 
and the corresponding plastic wave speed could be found. Obviously, the DFV is also a function of the pipe 
thickness and diameter, pressure level acting on the opening fracture flaps, as well as the backfill conditions. These 
factors and their effect on the DFV were empirically found through fitting to data sets from full scale crack arrest 
experiments. It was argued that the conditions at crack arrest and crack initiation were equal, and through classical 
quasi-static fracture mechanics concepts, the DFV was empirically fitted to the ratio of the crack-tip pressure and 
arrest pressure. Since the introduction of the BTCM and the use of higher strength steel grades (X70-X120) and 
modern steel making methods, it has become clear that the link between DFV and "dynamic fracture resistance" 
measures (e.g. CVP) need empirical correction factors to correctly describe the DFV in these steels, e.g. Leis et al. 
(2005) and Wilkowski et al. (2006). In addition, the prospects of transporting CO2 and CO2-mixtures in a carbon 
capture and storage scheme may introduce a need for further corrections to the existing methods. 
The current study aims at finding and understanding what parameters control the velocity and propagation of a 
running crack in a pipeline transporting gas. This is done by performing a systematic parameter study using a 
coupled (artificial fluid)-structure interaction model. Another analysis is performed using an advanced fluid-
structure interaction model in order to confirm the former results. 
2. Parameter study set-up 
A numerical methodology for simulation of crack propagation and arrest through a coupling of fluid and 
structural/fracture mechanics has been established by Berstad et al. (2010) and Nordhagen et al. (2012). The model 
consists of a pipe modelled in the commercial finite element code LS-DYNA (Hallquist (2012)) where the fluid 
pressure is applied through a user defined loading subroutine which is coupled with a one-dimensional multi-phase 
fluid code. However, in the current study, a simplified fluid model is used in order to simplify the study and increase 
its efficiency. This simplified fluid model assumes that the pressure is constant ahead of the crack-tip and decays 
linearly to 0 bar along a user defined distance behind the moving crack-tip. The material properties, i.e. elasto-
plastic and fracture models, are modelled through a user defined material subroutine, e.g. Achani et al. (2011). In the 
plastic domain, the von Mises yield function and the associated flow rule were applied together with a non-linear 
isotropic work-hardening rule, described by the two-term Voce equation. The parameters of the hardening model 
were chosen such that the work-hardening would be represented by only one parameter. Ductile failure was 
predicted by the Cockcroft-Latham fracture criterion. 
The parameters studied were the yield strength, the work-hardening, the fracture parameter, the diameter and 
thickness of the pipe, the initial pressure and the decay length of the fluid model. Their minimum and maximal 
values are given in Table 1. Default shell elements of LS-DYNA (Belytschko–Tsay with one in-plane integration 
point and 5 through-thickness integration points) with a size of about 15 mm were used.  
In this model, it is assumed that the crack propagates along the pipe length: a set of elements along the pipe 
length, where the elements are allowed to fail, is predefined (see Fig. 1.a) with an aspect ratio of 2, i.e. the elements 
are twice as long along the longitudinal axis as in the circumferential direction. An initial crack length was set to 
twice the diameter. The pipe was 10 m long and symmetry conditions were applied at its mid-length plane. 
The parameter study was performed with the design optimization and probabilistic analysis commercial software 
LS-OPT, Stander et al. (2013). A design of experiment (DOE) study was run using radial basis function network for 
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the meta-model (approximate model of the design) and 100 design points. The DOE analysis in LS-OPT has four 
steps: i) design points are selected, ii) simulation models are built, iii) simulations are run, and iv) meta-models are 
built. The response assessed in this study is the average crack velocity; LS-OPT built meta-models for this response. 
     Table 1. Parameters with their minimum and maximum values. 
Parameter Minimum Maximum 
Yield strength (MPa) 400 800 
Work-hardening (MPa) 100 1000 
Fracture parameter (MPa) 500 1500 
Pipe diameter (m) 0.5 1.0 
Pipe thickness (m) 0.005 0.3 
Initial pressure (bar) 100 500 
Decay length/diameter 0.2 1.5 
 
Because the diameter and thickness of the pipe are among the studied parameters, a new mesh of the pipe has to 
be built for every design point: this is done through a Python script which is automatically run from LS-OPT. A 
Python script is also run after the end of each simulation in order to extract the necessary data, i.e. average crack 
speed, before the meta-model is built in LS-OPT. The average crack speed was computed for a position of the crack 
between 4 and 6 m from the pipe half-length (red line in Fig. 1.b). Simulations where crack arrest is achieved are 
discarded by the meta-model. Finally, in order to avoid unrealistic parameter combinations, a constraint between 
hoop stress (which depends on pipe diameter, wall thickness and pressure) and yield strength is set. 
 
(a)          (b)   
Fig. 1. (a) Mesh of the pipe; the elements that can be eroded are highlighted in blue; (b) example of crack speed versus position curve; the 
average speed is computed in the range highlighted in red. 
3. Results and discussion 
3.1. Systematic parameter study 
Among the 100 design points, fracture propagates through the whole pipe length for 68 simulations and crack 
arrest occurs for 26. Only the 68 runs with full-length propagation were selected for further analysis. As explained 
above, LS-OPT builds a meta-model that fits the response defined by the user, i.e. the average crack speed. The 
quality, or accuracy, of the meta-model is important in order to assess the reliability of its predictions. In this study 
the meta-model provides a rather good fit of the average crack speed with a residual sum-of-squares error of about 
7 % (or 20 m/s). Based on a good fit of the meta-model one can analyse the results given by the meta-model. Fig. 2 
shows the results of a global sensitivity analysis which shows the importance of the different parameters on the 
response. The pipe thickness ('thick') appears to be the parameter which contributes most to the average crack speed, 
followed by the initial pressure ('press'), the fracture parameter ('Wc'), the decay length ('decayl'), the yield strength 
('sigma0'), the pipe diameter ('diam') and the work-hardening ('QR2'). 
Fig. 3 shows the average crack speed as a function of some parameters – yield strength, work-hardening ('QR2') 
and fracture parameter – as predicted by the meta-model. It clearly shows that the average crack velocity increases 
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as the yield strength increases or the fracture parameter decreases; the effect of the work-hardening shows a 
minimum. Care must be taken in analyzing these plots: they correspond to selected values of the parameters which 
may affect the values for the average crack speed. 
 
 
Fig. 2. Sorted global sensitivities representing the contribution of each parameter to the variance of the response, i.e. average crack speed. 
 
Fig. 3. 2D plots, or sections of the 7-dimensional meta-model surface, of the average crack speed as function of some parameters. 
Five design points among the 68 were selected for further analysis on the effect of anisotropy and mesh 
sensitivity. The effect of anisotropy was assessed by using the so-called Yld2004-18p yield function from Barlat et 
al. (2005) which was calibrated using experimental data on an X65 steel alloy; as an indication, the alloy has strain 
ratios of about 0.63, 1.02 and 0.49 in the 0°, 45° and 90° direction, respectively. The average crack speeds obtained 
for the 5 new runs were identical to those from the isotropic case. Mesh sensitivity was assessed by changing either 
the aspect ratio of the elements allowed to fail to 4 or increasing (decreasing) the mesh size to a size of 30 mm 
(10 mm). The former led to an increase of the average crack speed between 12 and 22% while the latter led to a 
decrease (increase) between 3 to 17% (0 to 8%), depending on the design point. 
3.2. Validation study 
In order to validate the findings from the above parameter study, a limited parameter study was performed with 
an advanced fluid-structure interaction model using the commercial finite element solver IMPETUS Afea Solver 
(IMPETUS (2012)). At first, the approach was validated by predicting the burst tests described by Nordhagen et al. 
(2012); good agreements, within 10%, with respect to both fracture propagation length and maximum crack speed, 
were obtained. Then, a parameter study was performed based on the burst test for methane gas with initial pressure 
of 122 bar. The half-pipe (symmetry was used) was 5.75 m long with a diameter of 267 mm and a thickness of 6 
mm. The pipe was modelled using a high-order solid finite element (64-node 3rd order hexahedron), which is well 
suited to describe necking and thinning of the pipe ahead of the crack. In the region around the crack-path, the in-
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plane element size was 15 mm and one element was used in the thickness direction. To describe crack propagation, 
node splitting was activated for the elements in the region closest to the crack-path as indicated in Fig. 4. The gas 
was modelled with 81.39 10×  particles per meter using a discrete particle method (Børvik et al. (2011)) thus 
allowing a three-dimensional fully coupled fluid-structure interaction analysis. A strain-rate dependent elastic-linear 
plastic model was chosen for the pipe material together with the Cockcroft-Latham ductile fracture criterion. The 
effect of the yield stress ('Y') and the linear work-hardening ('H') on the average crack speed was investigated. Apart 
from the Cockcroft-Latham parameter which had to be calibrated for the solid element model, where a value of 775 
MPa was found suitable, the model parameters had the same values as in Nordhagen et al. (2012). Two extra cases 
were run in order to investigate the effect of the Cockcroft-Latham fracture parameter. The motivation for not using 
such an advanced model in a systematic parameter analysis lies in the high computational burden brought about by 
this approach. As an example, the typical computing time for the simulations with the ideal gas-structure interaction 
model was about 82 hours while it was about 70 min with the artificial gas-structure interaction model. 
The results are summarized in Fig. 5Error! Reference 
source not found.. Increasing the yield strength generally 
leads to an increase in average crack velocity although a 
decrease is observed at medium strength (550 MPa) and 
high hardening (1000 and 500 MPa). A similar trend is 
observed for the work-hardening. It is observed that for a 
high yield strength, increasing the work-hardening from 
500 to 1000 MPa has little, or no, effect on the average 
velocity. Furthermore, the average crack velocity depends 
almost linearly on the fracture parameter. The same trends 
as those obtained in the systematic parameter study are 
obtained. 
 
(a)  (b)  (c)  
Fig. 5. Average crack velocity as function of work-hardening for different yield strengths, (b) as function of yield strength for different work-
hardenings and (c) as function of material's fracture parameter. 
3.3. Charpy test 
In the semi-empirical models used to assess fracture control, the fracture velocity depends, among other 
parameters, on the energy for fracture propagation in the material which can be estimated from a Charpy V-notch 
impact test. A parameter study where the effect of yield strength, work-hardening and fracture parameter on impact 
energy was thus performed based on a finite element model of the Charpy test; a sub-sized specimen, i.e. half-
thickness, was modelled. The same software, material models, elements and model parameters as for the validation 
case were used; only selected results will be presented here. Fig. 6.a shows that the impact energy increases almost 
linearly with the fracture parameter, here shown for two different values of yield strength. 
By combining the results from the validation case and the Charpy simulations, the relationship between average 
crack velocity in pipeline and CVP could be determined and is shown in Fig. 6.b. Although based on three points, 
 
Fig. 4. Numerical model for running ductile fracture using 
IMPETUS Afea Solver. 
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the results seems to indicate that fracture velocity is not inversely proportional to the square root of CVP as assumed 
in the semi-empirical models. This could indicate why the semi-empirical models fail to predict DFV.  
 
(a)     (b)  
Fig. 6: (a) Charpy impact energy versus material's fracture parameter; (b) Average crack velocity versus Charpy impact energy. 
4. Conclusions and perspectives 
A systematic parameter study using a simple artificial fluid-structure interaction model was performed and 
validated using a more advanced ideal fluid-structure interaction model. It appears that average crack speed is most 
sensitive to pipe thickness, followed by initial pressure, Cockcroft-Latham fracture parameter, decay length, yield 
strength, pipe diameter and work-hardening. However, only a statistical analysis of the simulations where fracture 
propagates through the whole pipe length was done. A more detailed analysis of these simulations together with 
those where crack arrest is achieved may enhance the understanding on the parameters affecting ductile fracture 
velocity. In addition, strong mesh sensitivity is observed in the shell-based model and requires further investigation. 
Furthermore, necking may be a driving force for fracture velocity and the use of solid elements should thus be 
considered. The effect of parameters such as material strain-rate sensitivity, temperature dependence and backfill 
should also be assessed. Finally, it is paramount to model large scale burst tests such as those reported in Cosham et 
al. (2012) in order to both validate the approach used and to understand running ductile fracture. 
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